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A MODEL OF THE PHYSTOLOGLCAL 
SYSTEMS OF VEGETATLON 

SUMMARY 

Plants,  t h o u g h  they appear commonplace and passive, prove t o  be complex and 
fascinating mechanisms and the functioning o f  a plant ,  and the various processes 
involved for plant growth and development can be well understood i f  represented i n  
the form of a model. Several models have, so f a r ,  been p u t  forth f o r  explaining 
processes w i t h i n  the plant,  a l l  of them pertaining t o  a spec i f ic  function within 
the plant and explaining a spec i f ic  plant ac t iv i ty ,  l ike  photosynthesis, transpir-  
ation, stomatal mechanism, e t c .  
overall model, which could prove useful i n  the explanation of work ing  o f  a plant as 
a whole and in controlling the plant processes. 

Here we correlate  a l l  the models t o  develop an 
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I NTRO DU CT ION 

Plant responses and plant ac t iv i t i e s  are accurately controlled by some i n -  
ternal mechanism. 
i n t o  how this m i g h t  occur. The concept of feedback systems has been used t o  ex- 
plain the stomatal mechanism [pp.  91, Ref. 9 ;  p p .  251, Ref. lo], and such feed- 
back control systems also exist i n  the various growth and metabolic processes of 
the plant [pp.  485, Ref. 91. 

I t  shows the 
various ac t iv i t i e s  which result i n  the f ina l  growth of the plant. A flow chart  

Present work w i t h  control systems is  b e g i n n i n g  t o  give i n s i g h t  

The block diagram shown i n  Figure 1 ,  is  se l f  explanatory. 

for  the l i f e  cycle o f  a plant i s  discussed i n  detai l  by Salisbury Frank [pp. 488, 
Ref. 91. - 

The active energy E ,  released d u r i n g  the respiration process is  used u p  i n  
the plant for  i t s  f ina l  growth, and various other reactions. 
i s  l o s t  i n  the form o f  heat. However, the ce l l s  are  able t o  trap s ignif icant  
amounts of this energy i n  chemical forms, t ha t  can be used l a t e r .  
the active energy as the i n p u t s  t o  the photosynthetic and respiration actuators 
which operate the stomatal mechanism, as will  be seen i n  l a t e r  discussion. 

and de ta i l s  are obtained from standard books i n  Plant Physiology [SI. 

Most of  this energy 

Figure 3 shows 

Each of  the processes g i v e n  i n  the block diagram are extremely involved, 
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Diffusion of C02 from Atmosphere t o  Chloroplasts 

The photosynthetic process involves a reaction between CO, and water i n  
the presence of l i gh t  and chlorophyll, resul t ing i n  the production of  sugars and 
starch which are recirculated i n  the plant system by translocation. The process 
takes place i n  the chloroplasts and the carbon dioxide from atmosphere diffuses 
through various resistances i n  the leaf system before f ina l ly  reaching the chloro- 
plasts  t o  react  w i t h  water, T h i s  process has been explained by e l e c t r i c  analogues 
[page 95, 51. Figure 2 shows how the diffusion o f  C02 takes place and the various 
resistances i n  the pathway before f ina l ly  reaching the chloroplasts. The refer-  
ence level of C02 concentration i n  the atmosphere i s  taken t o  be $ gm/cm3 

Exchanges of matter and energy between plant communities and the a i r  can 
be described by the fundamental equation 

Potenti a1 difference 
Resistance F l u x  = 

Thus from Figure 2 -it i s  seen tha t  Fa, the f l u x  of C02, may be writ ten as:  

4J - $0 
F =  e t c .  
a Ra 

R, and Re represent the carboxylation and exci ta t ion resistances,  a l l  the r e s i s t -  
ances being expressed i n  units sec cm-l. 

andestimation, i s  given i n  detai l  by J .  L. Monteith [5]. 
The various resistances encountered f o r  CO2 d i f f u s i o n ,  t h e i r  measurement 

Photosynthetic process 

phere, now reacts w i t h  the water from the soil ( the uptake of water from s o i l  t o  
the leaves i s  explained l a t e r )  by the following reaction: 

The carbon dioxide which has diffused t o  the chloroplasts from the atmos- 

C02 + H20 - - ( C H 2 O )  + 0 2  

The sugars are the main products of the above reaction which i s  translocated i n  
the phloem t issues  t o  take part  i n  the respiration process. 

C02 and H20. 
f ac to rg  governing the opening and closing of the stomata. 

Respiration i s  the conversion of sugars i n  the presence of 0, t o  form 
The carbon dioxide produced i n  this reaction i s  a very important 

Stomatal Mechanism 

of water i n  the transpiration stream depends t o  a great  extent on RSt, the sto- 
matal res is tance.  Consequently the stomatal opening and closing, i s  a very i m -  
portant fac tor  i n  determining the r a t e  of t ranspirat ion,  r a t e  o f  photosynthesis, 
e t c .  

On observing the anatomy of stomates i t  is found t h a t  the inner wall of 
the two stomatal guard ce l l s  is  somewhat thickened compared t o  the outer wall. 
The ce l l s  surrounding the guard ce l l s  are  usually t u r g i d ,  pushing against  the 
g u a r d  c e l l s ,  As the guard ce l l s  absorb water and expand, they tend (pa r t i a l ly  
because of the thickened inner wall)  t o  bow outward, separating a t  the middle and 

The resistance t o  the diffusion of C02 t o  the chloroplasts,  and the uptake 
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causing the stomate t o  open. 
open as guard c e l l s  take up  water. 

So opening is  a turgor phenomenon i n  which stomates 

The mechanism of stomatal regulation has been p u t  f o r t h  by the so-called 
classical  theory formulated by A.D. Sayre [ p .  88, 91 and A.W. Scarth. 

Sayre suggested t h a t  the carbon dioxide accumulating i n  the guard ce l l s  i n  
the dark caused a reduction i n  PH ( increase i n  ac id i ty)  of the cytoplasm. As the 
l i g h t s  come on, t h i s  carbon dioxide was removed by photosynthesis ra is ing the PH. 
I n  response t o  t h i s  PH change, the enzyme tha t  catalyses the hydrolysis of s tarch 
t o  suger becomes more act ive.  The increase i n  sugar concentration would make the 
water potential of the cel l  more negative. This increases PH, causing the s to-  
mates t o  open. 

These phenomena are represented i n  the block diagram model by a bang-bang 
control which se lec ts  the i n p u t s  t o  the photosynthetic and respiration actuators.  

In the absence of l i g h t ,  the process of respiration predominates the pro- 
cess of photosynthesis, thereby increasing the concentration of  C02 i n  the inter- 
ce l lu l a r  spaces, and the C02 accumulating i n  the guard ce l l s  increases. 
value i s  thus low, and the stomates are  closed. T h i s  s i tuat ion i s  represented by 
the condition when 01 > 0. 

The PH 

When the l i g h t s  come ons  C02 is  removed from the in t e rce l lu l a r  spaces by 
photosynthesis. The concentration of C02 t h u s  i s  lowered, and the PH value i n -  
creases. T h i s  s i tua t ion  i s  represented by the condition when ~1 < 0. T h i s  i n -  
crease i n  PH value resu l t s  i n  the opening o f  the stomata. 

In  between the two extreme posit ions discussed above the stomata osc i l -  
la tes  between the open and closed positions and s e t t l e s  down t o  a certain value of 
the aperture opening r. Such osc i l la t ions  have been observed by Raschke Cp.92; 91. 

Hence, by the fac ts  considered above, we may assume tha t  the C02 changes 
i n  the guard ce l l s  determine the energy available for  active water transport  t o  
and from the guard ce l l s .  A model o f  the stomatal control mechanism based on these 
fac ts  have been p u t  f o r t h  by Woo K.B., e t  a1 [Ref. 111. In l i g h t  and normal a i r ,  
the process of photosynthesis determines the C02 concentration i n  the guard c e l l s .  

The photosynthetic actuator operates under conditions when 01 < 0, and the 
actuator provides the energy which controls the ,gain constant of the photosynthetic 
control mechanism. 
l i gh t ,  t ha t  i s  whenever 01 > 0. 

T h i s  control mechanism does not operate i n  the absence o f  

Photosynthetic Control Mechanism 

The increase i n  PH value i n  the guard ce l l s  (under conditions when a > 0) 
appears as active energy which controls the photosynthetic control mechanism. 
control mechanism i s  also controlled by the water content i n  the leaf ce l l s  ( the  
mesophyll ce l l s  and the subsidiary c e l l s  i n  the l e a f ) ,  and hence the above two 
quant i t ies  -- the active energy, E , supplied by the actuator and, T , the Turgor 
pressure i n  the leaf  ce l l s  -- are  P n p u t s  t o  the photosynthetic contrAl mechanism. 
This control mechanism is  analogus t o  a valve controlling the flow of  water i n  a 
pipe, and i n  the presence o f  i n p u t s  T1 and E allows water t o  flow into the guard 
c e l l s ,  represented by Ig .  T h i s  represents tEe r a t e  of water flow in to  the guard 
ce l l s  and the increment i n  turgor pressure due t o  this water flow in to  the guard 

The 
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c e l l s  is given by: 

/ I g  d t  
c1 

AT = 
9 

The mathematical relationship describing the control mechanism may be written as: 

I = o  f o r  cx > 0 (4)  9 

Respi ration Actuator: 

The respiration actuator functions under conditions when CY, > o (an incre- 
m e n t  i n  C02 concentration i n  the in t e rce l lu l a r  spaces when respiration predomi- 
nates photosynthesis). In this case the PH value i n  the guard ce l l s  i s  low and 
t h u s  there is  a reduction i n  the available active energy. Thus i n  e f f e c t ,  there 
is an energy loss  i n  the guard ce l l s .  The respiration actuator controls the 
functioning o f  the respiration control mechanism, which has fo r  i t s  i n p u t  the 
negative energy E, from the actuator and T the guard ce l l  turgor pressure. The 
loss  i n  active energy i n  the guard c e l l s  r8sults i n  a loss  of water i n  the guard 
ce l l s  and there i s  a flow of water from the guard ce l l s  t o  the leaf ce l l s  denoted 
by 11. The  decrease i n  turgor pressure i n  the guard ce l l s  as a r e s u l t  of the flow 
of water out of the guard c e l l s  is  given by 

A T1 - - - 1 {Il d t  c1 

The mathematical relationship governing the respiration control mechanism may be 
written as 

I1 = F2 (Tg,  Em) for  ~1 > 0 

I ,  = 0 f o r  ~1 < 0 

T (0) 'and T 
aid leaf cel 1 s we have the following mathematical relationships:  

(0 )  being the i n i t i a l  values of turgor pressures i n  the guard ce l l s  

= AT + Tg (0) - aT1 
Tg g 

9 
Tl  = aT1 + T1 (0) - AT (9 )  
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The difference i n  turgor pressure between the guard ce l l s  and the leaf ce l l s  i s  
t h u s :  

AT = Tg - T1 

This change i n  the t u r g o r  pressure i n  the leaf system is the i n p u t  t o  the compar- 
a t o r  which se lec ts  the i n p u t  function t o  the turgor pressure mechanism. The t u r g o r  
pressure mechanism br ings  about the changes i n  the stomatol aperture "r ," a steady 
s t a t e  being reached for  a par t icular  value o f  AT the difference i n  the tu rgor  
pressures. I t  could be concluded t h a t  under strong illumination ( W O )  the stomatal 
aperture "r" i s  a minimum. In between these two extremes the stomata osc i l l a t e s  
between the open andclosed posit ions,  and s e t t l e s  down t o  a par t icu lar  value of 
i t s  aperture "r." Such osc i l la t ions  of  the stomata have been-recorded [p.  93; 91. 

The s tomatal  resistance R t S t  t o  C02 diffusion i s  given by 

1 + ri r/2 
s n r 2  

Kist = 1.7 

and t h a t  t o  water vapor diffusion by 

the additional multiplication factor  of 1.7 i n  equation 11 is due t o  the r a t i o  of 
molecular diffusion coeff ic ients  of C02 and water vapor [p .  97; 51. 

Since R I s t  controls the diffusion of CO;! and R s t  controls the t ranspirat ion 
process, and since b o t h  these quant i t ies  are functions of the stomatal aperture 
rlr,rl we may conclude t h a t  the stomatal mechanism plays a v i ta l  role i n  determining 
the rates  of transpi ration and photosynthesis. 

Transpi r a t i  on : Introduction 

Transpiration i s  the process of water flow i n  the soil plant atmosphere 

The absorption of water from the so i l  i s  n o t  an 
system. Various e l ec t r i ca l  analoges have been p u t  f o r t h  [p.  202; 81 for explain- 
i n g  the transpiration process. 
independent process b u t  i s  re la ted t o  and controlled by the r a t e  of water loss  i n  
t ranspirat ion.  The water movement through plants from s o i l  t o  a i r  i s  a s e r i e s  of 
linked processes i n  which the overall ra te  i s  controlled by the slowest process; 
t h a t ,  is the stage a t  which the grea tes t  resistance t o  water movement occurs. A 
complete model o f  the transpiration process was f i rs t  proposed by Van den Honert 
[13]. This model i s  based on the analogy of water flow, t o  the flow of e l e c t r i c  
current i n  an e l e c t r i c  conductor viz . ,  

Po t en t  i a1 
Current = Resistance 
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The steady-state water flow may t h u s  be written as: 

(14)  + so i l  +root surface etc. Rate of water movement = 
rsoi 1 

The overall t ranspirat ion process may be summarised as the flow o f  water 
from the so i l  t o  the atmosphere through the s o i l ,  the roots ,  the xylem and the 
leaf system. 
and creates a suctional force in the so i l  and plant system. T h i s  suction, i s  the 
cause of water uptake by the roots from the s o i l .  

The process of transpiration resul ts  i n  a loss of water in the plant 

The water content of the s o i l  has been expressed on a volume basis 

[Ref. 81 Q = -  vW 
V 

and the water capacity C in terms o f  the water content and suction force as 

[Ref. 81 c = -  ao 
a-r 

Thus f o r  the s o i l  medium the above equation i s  represented as 

aos 
a-r 

- cs - - 
S 

The ra te  o f  water uptake per u n i t  cross sectional area of s o i l  layer  of thickness 
' h '  i s  given by 

do 
q s = h -  d t  

I f  the so i l  i s  assumed t o  consist  of I n '  layers each of thickness h ,  then the ra te  
o f  water uptake i n  the n t h  layer i s  

Thus 

. d-r 's n 
d t  = h  

dT 's n 

dT -sn 
d t  = h Csn 
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This represents the water suction i n  the nth layer o f  the soil system. The t o t a l  
suction force i n  the f i r s t  soil  layer i s  given as: 

(0) Ts l  = T:sl + 

The water t ransfer  through the root  ,,stem as proposed by Gardner El] i s  g i v e n  as 

5 
- T - ‘ c  - r  qr 

Rs + Rr 

Again considering the root t o  be d iv ided  i n t o  Vn’ discrete  layers of thickness ‘h’ 
we have the flow ra t e  i n  the ith layer as 

The to t a l  ra te  

where T r  

- 
T 
S 

R 

From equation 

of water uptake may be obtained by summing qr i  from 1 t o  m.  

‘c - ‘ c  ri s i  
h l $ (  R s i  + Rri 

m m-1 

1 i =1 
m 

si T 

1 
m 

24 we have 

‘r h i- =s 
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This gives the integrated suction of the root system and can be used t o  determine 
the suction of the p l a n t  root a t  each d i f fe ren t  layer. A detailed analysis of the 
d i f fe ren t ia l  equations involved, and a simulation model for  the t ranspirat ion 
process i s  given by Woo, e t  a l . ,  [12]. 

The model for  the transpiration process i s  included i n  the complete p l a n t  
model, the water and mineral nutrients uptake taking place from the s o i l  which is 
the reservoir of storage place f o r  water and the mineral nutrients.  
water takes place by capi l lary action i n  the roots,  due t o  the suction created by 
the loss of water i n  the transpiration process. 

The water enters the plant xylem w i t h  a t o t a l  suction ;r given by equation 

The r i s e  of 

25. The water enters the leaf  system w i t h  a suction ~ ’ 1  where the water i s  used 
f o r  the photosynthetic process. There i s  a change in phase of water from l i q u i d  
t o  vapour ,  and the water vapour leaves the leaf system w i t h  a vapour pressure ea .  
The vapour pressure i n  the external a i r  i s  ed and ‘T’ the r a t e  of t ranspirat ion 
is given by 

ea - ed 
Rst -i- Ra 

T =  

Whereas, RSt, the stomatal resistance has been shown t o  depend on ‘r’ the stomatal 
aperture, the atmospheric resistance Ra is  seen t o  vary considerably w i t h  w ind  
speed [ p .  304; 41. 

I f  u i s  the velocity of w i n d ,  then the resistance Ra of the atmospheric 
layer i s  given as 

3.26 -0.70 
0.14 R =  a 

The variation of Ra w i t h  w ind  speed for different  leaf w i d t h s  i s  illus- 
t ra ted  i n  Figure 4. 

Effect of the Environment 

e f f ec t  of environment on the resistances and various plant a c t i v i t i e s .  
velopment of the model, we have a l l  along assumed a closed environment, wherein, 
the temperature, in tens i ty  of l i gh t ,  e t c . ,  are a l l  constants. This is  f a r  from 
t rue ,  and a collection of data,  of variations of d i f fe ren t  quant i t ies  w i t h  envi- 
ronmental changes i s  given below which gives an i n s i g h t  as t o  how complex the 
model would become i f  these changes are t o  be incorporated, i n  the model. 

The variation of Ra with the wind veloci’ty i s  just one example o f  the 
I n  the de- 

Variation of Rst  with L i g h t  Intensity 

by ‘r 
sumed 

In e a r l i e r  discussions the variation of  R was seen t o  be affected only 
’ the stomatal aperture,  and the changes i n  the illumination level was as- 
t o  be instantaneous. However the change from dark t o  l ighted conditions i s  

n Figure 5. gradual, and the variation of RSt w i t h  l i gh t - in t ens i ty  i s  as shown 

R t  the ra te  of respiration depends on the percentage o f  the 
Above a certain percentage of available for the metabolic process. 

oxygen content 
the oxygen 
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Leaf w i d t h  10 cm 

Leaf width 1 cm 

I I 1 
10 0.1 1.0 Wind speed ,  m/sec 

Figure 4.--Graph showing t h e  v a r i a t i o n  o f  Ra, the 
a i r  r e s i s t a n c e ,  w i t h  wind speed, f o r  two d i f f e r e n t  l e a f  
widths  o f  two d i f f e r e n t  p l a n t  s p e c i e s  (from Ref: 4; Page 
30 4) 
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concentration, the rate  of respiration i s  essent ia l ly  a constant. 
transpiration has been shown t o  depend on s o i l  water potential [p. 791 ; 4); t h 2  
temperature of the s o i l  [p.  196, 41, the wind  velocity r p .  401; 61; the stomatal 
aperture [p. 403, 6;  p. 319, 41. 

T ,  the ra te  of  

The ra te  of water uptake from the soil depends on the soil water content 
and the weather conditions [ p .  272, 41. 
the water potential of the leaves and the-intensity of the incident l i gh t  
[ P .  22, 61. 

P, the ra te  of photosynthesis depends on 

Conclusions and Feasibi l i ty  of  the Model 

The block diagram model fo r  the plant functions and plant ac t iv i t i e s  as 
shown i n  Figure 3, has been derived from mathematical equations, and existing 
mathematical models which has so f a r  been used t o  explain the various interactions 
w i t h i n  the plant. Reference has been made t o  various theories which are ye t  i n  
the conceptual stage. The problem of regulation o f  stomatal mechanism, for  ex- 
ample, s t i l l  remains t o  be solved. However, Levi t t ' s  Modified Classical Theory 
[ p .  90, 91, on the basis of which the present model has been formulated, i s  the 
most recent, presented by Jacob Levitt  i n  1967, who has shown tha t  stomatal r e g u -  
la t ion i s  essent ia l ly  a turgor mechanism. 
lation are g i v e n  i n  Salisbury and Ross [SI.  

Other theories for the stomatal regu- 

The model of the transpiration process, a lso included i n  the figure, serves 
t o  explain the balance between the water demand of the atmosphere and the avail-  
a b i l i t y  of water t o  the plant roots. Van den Honert's suggestion of the use of 
Ohm's law for describing water flow i n t 9 ,  through and out of plants has been i n -  
corporated i n  the model, the water flow and the energy s ta tus  having been repre- 
sented i n  terms of the suction of water a t  various positions i n  the plant. The 
relationship between the transpiration process and the ava i lab i l i ty  of water a t  
the plant roots from s o i l ,  could be determined by the simulation of the model 
on an analog computer. 
(Ref. Woo, e t  a l ) .  
As has been shown i n  the discussion, the water suction change i n  the leaf system 
affects  the movement of stomata, this be ing  the main factor  controll ing tran- 
spirat ion.  

Such simulation models have already been formulated 
The stomatal mechanism greatly affects  the transpiration ra te .  

Although the present model has been derived from mathematical models and 
other hypothesis, the resul ts  which follow, can only be thought of as conceptual, 
due t o  lack of information available from f ie ld  measurements f o r  the dynamic 
nature of the soi l -plant  atmosphere system. However, the model does suggest the 
need for  more compact models, which could i n  mathematical terms confirm the the- 
or ies  put forward by biologists.  

Res e a.r ch ,Needs 

1. The gains of each of the blocks i n .  the block diagram model may be written in 
terms of t ransfer  functions. T h i s  is  the next stage o f  the model formulation. 
Once such a model has been constructed, i t  i s  not d i f f i c u l t  t o  simulate the 
model on an analog computer. 
understanding the cause and e f f ec t  and the i n p u t  and output relationships of  
the plant. 

Such simulations could prove very helpful i n  

2. The process of  translocation has been represented as a s ingle  block i n  the 
model. However, th is  process i s  not as simple as t o  be written only i n  one 
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block. I t  seems, from the various theories p u t  forward for the translocation 
process a separate model could possi.bly be formulated fo r  this process alone. 

3 .  In the flow of water through the soi l -plant  atmosphere system we have no t  con- 
sidered the e f f ec t  o f  mineral nutrients on the water suction. T h i s  could also 
be combined w i t h  the present model for completeness. 

4. The problem of growth and development, of  the plant involves an interaction of 
a l l  the processes discussed so fa r .  
given i n  de ta i l  i n  "Plant Physiology" by Steward [14]. No complete block dia- 
gram model for this process has so f a r  been formulated. 

A quantitative analysis for growth i s  

5. The various d i f fe ren t ia l  equations used i n  deriving the model, could be p u t  
i n  the state-variable form, t h u s  g i v i n g  a s e t  of state-variable equations. 
These equations could lead t o  the more sophisticated method o f  equation s o l v i n g  
by ma t r ix  methods and also could prove helpful i n  programming the whole model 
on a computer. 
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